
•J 

t~· ~. 

~~·¢ 
CB Jtme 1942 

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS - . -
1\rilll'I'J)JI~ lli~J•()Il'l' 

..... ""~ ~-............. -

ORIGINALLY,,,.,ISSUED 
Jtme 19<+C as 

Confidential Bulletin 

W'VESTIGATICfi OF EXTR!im LEADING-EroE ROOOHNESS 

ON THICK LOW-DRAG AIRFOILS TO mDICATE 

THOSE CRITICAL TO SEPARATIC!'l 

By Eastman N. Jacobs, Ira H. Abbott, and 

Mil ton Davidson 

Langley Memorial Aeronautical Laboratory 
Langley Field, va • 

. WASHINGTO~ . 

NACA WARTIME REPORTS are reprints of papers originally issued tu provide rapid distribution of 
advance research results to an authorized group requiring them for the war effort. They were pre
viously held under a security status but are now unclassified. Some of these reports were not tech-
meally edited. All have been reproduced without change in order to dite l!erter:3.l 

L -
LANGLEY MEMORIAL AERONAUTICAl 

LABORATORY ~ . 
Langley Field, Va.. 



L 

f • r 
:· . 
~ 

J 
BATIOBAL ADVISORY OOMKIT!B~ ~OR AKROBAU!IOS 

I 

OOB~IDBHTIAL ~ULLBTIB 

IBVBSTIGATION OJ EXTREME LBADIBG-BDG3 ROUGHBESS 

OB THIOE LOW-D~G AIR~OILS !0 IHDIOAT~ 

THOSE ORI~IOAL TO B&PABATIOB 
-

~7 llaataan l1'. Jacob's, Ira B. Abbott, and 
Kilton ·Davidson 

,' 

BUHMA.BY 

Several airfoils, including a conventional BAOA 23021 
and some low-drag airfoils for which the thickness had 
been increased to the point that the7 were considered 
doubtfully co~servativa with respect to separation, vera 
investigat&d as smooth airfoil• and after the application 
of a standard roughness. The result~ show some of the air
toile to be critical to aeparation resulting from auah 
flow diaturbancea. It is concluded, pending the further 

.inTeatigation of separation difficulties, that airfoil 
sections falling definitely within the coaservative range 
should be used. 

UTTRODUOTIOJI' 

The HAOA low-drag airfoils first investigated, the 
airfoils de.alt with in the earlier applications mainly to 
pursuit airplanes, and most of the .airfoils for whiah·. data 
are preaented in reference 1 were intended to be of con
aerTative design. l!J'o very a&rious aeparation difficulties 
s~ould therefore arise in operation with these airfoils, 
even though the leading edge becomes very rough. In other 
words, "moat of the airfoils were ·ao chosen that the thick
ness, the camber, and the position of·minimum pressure 
would lead to a conservative pressure recover7 over the 
rea:rward part of the upper surfaoe. -.or aua~ .~.irfoils. 
the recovery could be made with·out marked separation, 
even in the ~reaence of ·a boundar~ l~er •:r~essivel7 
thickened b7 premature transition and 'roughness near the 
leading edge of ·the a"irfoil.· Thus, i"t was -e:rpected that 
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the new airfoils would give drag coefficients in the aame 
range aa conventional airfoi~a when both were similarl7 
roughened rather than give exoeaPive drag ooeffioienta 
associated with turbulent separation. 

On some more recent applications to long-range bomb
era, however, root sections have been increased in thiok
neas to the point that their relation to the conservative 
range has become, at least, doubtful. The range of con
servative airfoil design aa contrasted with the oritioal 
range as determined b7 the choice of thickness, camber, 
and position of minimum pressure is discussed in general 
terms in reference 1. Results are therein presented on 
at least one airfoil that was estimated to fall in the 
doubtful range, or in the range wherein airf~ila ma7 be 
critical to separation resulting from leading-edge rough
nasa. 

The present aeries of teats was undertaken to obtain 
quantitative data with regard to these limits of conserv
ative airfoil design. The program oontemplated an inves
tigation of a seri•a of airfoils estimated to lie oloae 
to the doubtful range. It was thus thought that a com
parison of the teat results for wings with and without a 
standard roughness applied to the leading edge of each 
would give quantitative data tending to dafine the range 
of conservative design. 

CHOICm 0~ STANDARD ROUGHNESS 

It vas desired to choose an extreme rough condition 
as a standard roughness to be applied to the leading edge 
of the various airfoils and at the same time one that 
would not alter the contour of the section. The standard 
roughness might thus simulate an extremel7 rough condi
tion that might result from mud or rough ice on the lead
ing edge of the airfoil but, of course, could not repre
sent thick ice accumulations of the worst t7pe, which 
would aeriousl7 alter the airfoil contour. 

With such considerations in view, a standard rough
ness consisting of carborundum particles thinl7 applied 
over the leading-edge part of the airfoil was adopted. A 
microscopic examination of the particles used shoved them 
to be shaped like lumps of coal and to have crosswise 
dimensions near 0.010 inch and seldom greater than 0.015 
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inch. The particles were applied to one surface of Scotch 
.t.ape; th'e -tape wa..r.- fn'· turn;· attached ·to the,leading edge 
of the airfoil. The uae of Scotch tape in applying the 
roughness permitted ita quick romoval for the comparative 
teats of the smooth airfoil. The carborundum particles 
were retained on the Scotch tape by a thin coat of shellac 
allowed to become tack7 before the application of the par
tlclsa. The tape and roughness G%tended around the lead
ing edge of the airfoil section for a total aurface length 

13 
ot 315 inohea, equally disposed above an4 below the lead-

ing edge. The carborundum was eo thinly,apread on thia 
surface tpat 5 to 10 percent of the area waa actually 
covered by carborundum grains~ The ai~foil modele were 
of 2-foot chord and 3~toot span; the rouchneaa strip waa 
&%tended acrose the entire span from wall to wall in the 
tunnel. 

~or the full-scale wing at a Reynolds number corre
sponding to that of these model teats, the corresponding 
roughnesm ia geometrically similar to that on the model. 
The rough.11eas mq thus be ccnaidered to be something like 

. . 1 
particles of sand somewhat leas than 18 inch acrose adher-
ing to the leading edge of a wing of 100-inch chord. Such 
roughness conditione, of course, cannot b~ considered 
typical but it was hoped that the oomp&rative results of 
the same roughness on various wings would be of value aa 
repreaentinc a standard roughness c.onditi on, e%treme, but 
of a t7pe not markedl7 altering the original airfoil .con
tour. 

, I 

Tl!IB!rS Al!rD USULTS 

The ·testa of the 2-toot-chord airfoils both with and 
without roughness were of the routine t7pe, appro%imately, 
as described in reference 1. Moat o~ the reaulte were 
obtained at a Reynolds number of about· 10 million. Soa. 
results were also included at a Reynolds number of appro%
im~tel7 6 million in order to give some information on 
..... .., . . .. . . . . . . 
scale effects. - .. -

The following airfoil aectione were investigated 
smooth and with the atanda~d roughness: 
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lii'AOA 33021 

.Boeing 7-aeriea t7pe,· 0.20c thickneas . 

BAOA 65,2~222 (approx.) 

lii'£CA 65,3-422 (approx.) 

BACA 65,3-418 

The reau1ta of the airfoil toata are presented in 
figurea 1 to 5 in standard chart form except that the 
drag co~f~i~ients h~ve been plotted to a smaller scale 
than that usually employed. The reduced drag scale per
mite the high drag values associated with aeparat1ona 
that occur on some of the r·ough models to be sh.own. 

DISOUSSIO!l 

Comparison of airfoils.- The HACA 23021 section (fig. 
1) is intended to represent a thick conventional airfoil. 
It is evident that roughnesa on auch a aection produces a 
aerious loss in the maximum lift coefficient. The mini
mum profile-drag coefficient ie increased from o.oose to 
nearl7 0.0100, indicating the additional drag associated 
with the premature tranaition and the roughness. The drag 
co.efficient appears to increaae aomewhat more rapidly with 
the lift coefficient than for the smooth airfoil but the 
variation remains normal, incrsasing progressively with 
lift on approaching the reduced maximum 11ft coefficient 
of the rough airfoil. Thus, only the usual progressive 
separation effects are evident aa the maximum lift coeffi
cient ia approached. 

The Boeing 7-aeriea type airfoil in figure 2 ia typ
ical of airfoils ahowing marked aeparation effects due to 
roughness~ The lift curve begins to ahow a loss at small 
positive angles and the upper part of the curve haa a re
duced slope. The maximum lift coefficient for the rough 
airfoil is approximately 1.1, a lower value than that of 
the conventio~al rough airfoil. The min~mu~ drag ooeffi
aient for the rough airfoil ia approximatelT 0.0115, a 
value only a little more than that of the conventional 
rough airfoili but the drag increases aharpl7 above a 
lift coefficient of 0.5, indicating t~e onset of marked 
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· · .. -~ ...... pa.Nrt»a.~ ~ .t;h,e. ..._t.:t1 .. b4.e. .A.\ ~'tfAi.U.. 't;)le lif't
·. '-o:a.rve alope ohange-.,.,;·--..!'he.. arag ooef'fio:\ents ar·e seen to 

.. _, ·beoctme ver7 -high at larg•~· 11ft ooetf1.o1enta • 

.A. similar, although leas dra~tio, behavior wi'll' be 
obsf~Ted for ·the alr.f'qil.a li'AOA. 65 ,-a-a.aa (app.l'o~.) and 
li'AO.A..65,2-•aa .(apprax.) in figures -3 and 4. The airfoil 
"With the h1,gh.e:r camber ap.pear·a t a be somewhat more .unoon-
ae.~vative. ·. :-··;·· 

o lo I I I .;' I I .r~ : I o I .. o 

~-!he oharaot~~1at1oa ~f .a lo~-drag.a1rfoil ~f the aon-
·.a.erva.t1ve t7pe ,·. BAO.A..·65,J5 ... 418,. aJ!.e _.ho'fn in fip:re 5.. .A. 
r•.4uq,ti~JI- 111 max1m"Q.m,·.l.i~tt ~to 1 .. ;39 ia o'baeroved t'O be of 
the.. sall'e -t;rpe as that.' ..a)l.ow;u_ ta.r· the oonvent1 anal airjf'oil 
due to :roual:Ln.aas.· :t'he minimum drag coef'.f'1oient 11 .1n
o:reasff4· to apprQx1mat"eii the. same value as that 'ot the 

. oonve:q.ti.onal a1rfoi·l although the 1na·r'ement due to· rough
ne.aa i•, ~f course, l.a:rger an" aaoount of' t.he·lawe:r' initial 
value for the low-drag airfoil.. The 4rag coefficients 
show a .-p:rog:resa1ve increase on approaching the mazimum 
11ft oosff1o1ent, aa did the oonvent~onal airfoil~ thus 
ahOWiDg drag ooeff1oien.ta iD the 1&118 range· aW thbae! 'of 
the·rqug~ ~on~entional airfoil for lif1 Qoeffio~~nts be
l.ow 1-.l.r .... ·: It .i.e .the:refo.re -aonolud~d that, for ·a oons.e:rva
tive airfoil .of the low-dra-g t7pe, ~oughnellis ah·auld pro
du~e no m~~:rked separation effeats apart f1•om the ef'feota 
that normally occur when the maximum-lift attitude is 
approach,ed .. 

. . . 
· ·.Sisnifioanoe of V!ke-aurver measurements made in the 

preaenoe of separatio~.- In testa made .to determine drag 
b;r a·eana of wake •8ur't'e7a ·1n the- preaenae of aeparat1·on, 
·the dead air 1.n tihe :regiona at local aep~rat1on •&7· tend 

· · · t·o 'de'i'.!ate ·apanv1·ae 'in· •uch a we:T a.e· to paas pf'f at :the 
.,. · ·au'tove;r ··plazie ~-"in4t.aatizig excre•ai-.·e 4rai'ci · or -t.o deviate 

outward ao as to pasa off ~D acme otJi•r·,·pl4lne,- .. indicat1DC 
a deficient drag in the aurve7 plane. ~or that reason, 

'in· :aio.'ti"':lJiatano--e-a· wli'e:Z.e ·•epa-ration waa 'lUcel;r tc ooour 
•·panv1ae· d-ra-g. surve7a· were made. ·Some of the reaults of 

· ..• ucth· •urv·eys are· shown :ln. -t~gure.s .6 and ?.. ~or .the~ 'a.naon-
..•. •er..-at~ye· a:l:~foil (fig •. ·e), .it w.ill· be noted that. _separa-

.. t1ozi cloeii •:t"tm4 7to• 'be. rooal:l"YIB. '"!n. ~ :r•giOD·.Dear fll'idllJ&D• 
;., ., ·l·t w.a•· fDUD4. .·th'at -thi·a· e.eparat-i.oa reel on· .might telld to 

·shi"ft .ap&Dwi·•e; · th1'a tndeu07 ·leads to. ·1naona1stant re• 
. •ul'·t• .at t·he •urv.q. ·plane, a.u~h as· th'o'ae shown in fi-gure 

.. a. ·.~he result& ahow,. therefore, t-hat the .aep.arate4 
~•clan• ma;r .be ~ooal a;ud. that the d~aga measured behind 

., 
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these regions may pe excessive rather than quantitatively 
correct. It seems C~$ar, nevertbeless, that such seotions 
shoWing even local aeparation ca~not be considered conserv
ative and their use should be avoided. 

· On the other hand the spanwise. surveys shown for a 
conservative low-drag·airfoil in f~gure 7 indicate a con
sis~~nt span~ise va~iati6n of drag, hence, an airfoil that 

·· is not prone t 6 l ocal-i'l ot., br.eakdo1:1n. Span\l{i s e surveys 
are ~sually made as part of the testing procedure in the 
NACA two-dimensional tunnele The results shown in figure 
7 for the smooth condition are typical of the resulti 
usually obtained when no pronpunced separation is prese~t. 
Spanwis~ surveys ma4e on large-~hord wing sections repre
senting practical ionstpuction sometimes show moder~tely 
large variations of d~ag along the span even wh~n the 
sections are considered to be well within the·~oriservative 
rang~. Such v~riations ar~ attributed to· changes in skin 
friction.·r~s~lting from local accidentally distributed 
surfac~ roughness and these variations tend to disappear 
as the surfaces are improved. 

The .airfoil boundary layers near the tunnel walls 
are, ·of course, affected by the presence of the walls with 
the possibility of'resultirig spanwise flows that might af
feat t~e resista~ce to separation of the flows near the 
cehte~ of the airfoil as well as the drag measurements~ 
Tests with different chord-length smooth models of ~ir~ ·· 
foi~o within the conservative range have failed to show 
any 6ignificant spanwise dr~g variati~n or ~ariation of 
airf~i! characteristics wi~h chord that would be expected 
if au~h effects were present. It is planned to extend 
sue~ t~sts, however~ t~ include rough as well as smooth 
moda: ... f:l of airfoils in or near the crit-ical range ·because 
of ·iihc possibility that such effects ·may be present unde~ 
these conditions, · 

.. ~.pplicat·ion of results.- The present resul~s strongly 
suggost that thE! use of ai rfoil.s ·which. do not· fall within 
the co!!servatfve range should· "Qe avoided. ·sections of 
this type that have shown a t.endency to break do'l'rn l·oca~ly 
in th~ p~esence of a leading-edg~ dist~rbance may also 
break down iri the presence .of other :distrubanqes, such as 
those due to fus.elage or na.celle interr"srences, construc
tion irregularities, etc~ The preci.s~ ~imit·s of the con ... 
servative. range, however, are at present no.t definitely 
established. ·In fact, the only quantitative data tending 
to define th~ limits are tbose herein p~esented. Fortu-
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nately, the low-drag airfoils, with the exception of a few 
above 20-percent thickness, in use or under consideration 
for practical applications may be judged to be conserva
tive by comparison with the NACA 65,3-418 sho~n to be 
satisfactory by the present data. Pending further inves
tigations, sections that cannot be judged satisfactory by 
such comparisons should be specially investigated by 
tests such as the present ones in the two-dimensional 
tu!lnel. 

Difficulties have usually arisen through the use of 
excessively thick sections. A suitable remedy is obvious: 
While keeping the same spar depth, the wing chord may be 
increased to reduce the thickness ratio until the section 
falls within the conservative range. During the tests of 
a bomber model in the 8-foot high-speed tunnel a leading
edge glove was used to reduce the section thickness ratio. 
A p~tter plan would have been to increase the chord of 
the entire section in order to obtain the same reduction 
in thickness ratioG 

Finally, two other possible methods that may eventu
ally lead to obviation of the difficulties herein consid
ered may be mentioned. With relatively large nose-opening 
air intakes it appears to be possible to employ thick sec
tions without excessively low minimum pressures and the 
attendant unconservative press'ure recoveries. The use of 
suitable lift-control flaps with slots or other forms of 
boundary-layer control should be advantageous in obviat
ing the separation difficulties. 

CONCLUSIONS 

Pending the further investigation of separation dif
ficulties, airfoil sections falling definitely within the 
conservative range should be used. 

Langley Hemorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Langley Field, Va. 
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BRRATA OB ~IGU~B 

The values of aection lift coefficient (figs. 1 to 6) 
shoald.be corrected ~7 the tollo•ing·equation 

ol · = 0.965cl + 0.016 
. {corrected) 
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Figure 7.- Spanwise drag survey for the NACA 65,3-418, a=l.O, airfoil. 
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